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Abstract—A time domain electromagnetic model that includes 
the effect of moving conductors for the dynamic analysis of 
Linear Synchronous Machines (LSM) is presented. In the 
proposed model the magnetic forces are computed based on the 
method of virtual work. The operation performances of LSM in 
some specific cases are also reported. 
I. INTRODUCTION  
Magnetically levitated (Maglev) vehicles are usually 
propelled by linear synchronous motors (LSM). As Maglev 
vehicles have no wheel-on-rail contacts, they could reach 
speeds as high as 500 km/h or above. On the other hand, LSM 
may loss synchronism and operate in an unstable manner. In 
order to optimize the operation performance of LSM, it is 
necessary to study its magnetic field distribution and analyze 
its electromagnetic (EM) forces using an EM model. Won et 
al. [1] analyzes the dynamic characteristics of permanent 
magnet and superconducting LSM using time domain finite 
element method (FEM), in which the effect of moving 
conductor is not included, by introducing a coordinate system 
with reference to the rotor. Hence the stator is moving instead 
of the rotor in such moving coordinate system. Because of the 
complicate structure of LSM [2] and the existence of 
harmonic magneto-motive forces due to the presence of slots 
in both the stator and rotor, the afore-mentioned methods 
cannot include the moving effect and hence numerical errors 
are inevitable when they are used to analyze the performance 
of LSM.  
The time domain EM model that includes the effect of 
moving conductors is proposed in this paper to investigate the 
dynamic performance of LSM. The EM forces including the 
levitation and propulsion forces are computed based on the 
method of virtual work. The LSM operation performance is 
then discussed subsequently. 
II. NUMERICAL SIMULATIONS 
 
The EM fields in LSM can be expressed with the Maxwell 
equations with the vector magnetic potential A as the variable, 
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where, V is the speed of LSM moving along the X-axis; σand
μare conductivity and permeability, respectively; Js is the 
current density. In this case, A and Js  are in the direction of 
the Z-axis. Using the Galerkin method, (1) becomes an 
integral equation and the weighting function is set to be equal 
to a basis function. 
 The structure of LSM is divided into rectangles with local 
coordinates of ξ  and ζ . The basis function is, 
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In order to suppress instability in the solution due to the effect 
of the speed term, the upwind technique is introduced to 
discretize the speed term. 
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where α and β are parameters proportional to the speed. 
   The EM forces of LSM in the horizontal and vertical 
directions are computed, after the magnetic field distribution 
is derived, from 
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where, W is the local magnetic energy stored on the interface 
between the air-gap and iron material; q is the direction of 
virtual displacement.     
III. ANALYSIS OF A LINEAR SYNCHRONOUS MOTOR 
The proposed FEM method is used to solve the fields in a 
LSM structure in which the middle third of the air-gap in the 
investigated pole is shorter than the rest by 2 mm. The LSM 
runs at 200km/h and the propulsion force is computed using 
both FEM and a commercial software ANSYS as shown in 
Fig. 1. It can be seen that the presence of non-uniform air-gap 
may give rise to fluctuations in the magnetic forces in both 
directions, which means the Maglev vehicle could run in an 
unstable manner and hence the LSM designer must address 
such phenomena carefully in order to avoid operational 
instability.   
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Fig.1 The electromagnetic force distribution for different air-gaps 
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